Introduction {#Sec1}
============

Biological invasions are one of the most important drivers of ecological change globally^[@CR1],[@CR2]^. In the last few decades the devastating effects of carnivore introductions by humans --- in previously carnivore-free areas --- have been linked to the decline and/or the extirpation of numerous native animal populations worldwide^[@CR3],[@CR4]^. This is particularly true for numerous "naïve" prey species --- such as seabirds --- that evolved in carnivore-free environments and exhibit ineffective antipredator responses to novel predators^[@CR3],[@CR5],[@CR6]^. Lethal effects of invasive species have been thoroughly studied in wild animal populations^[@CR7],[@CR8]^. However, such invasions are complex phenomena often involving both lethal and non-lethal effect^[@CR9]^. In many cases native species populations --- and individuals within them --- respond to invasive species by adjusting their behaviour to survive and reproduce within the same areas and/or modifying their spatial distribution by dispersing^[@CR5],[@CR10]^. Non-lethal effects of invasive predators, such as dispersal, have also been studied but mainly focusing on species site fidelity and distribution changes^[@CR11]^.However, dispersing to a new environment can be risky. In fact, philopatry has evolved as an advantageous strategy for many species, which benefit from previous knowledge about their environment^[@CR4],[@CR12],[@CR13]^. However, from an evolutionary point of view, vagility of some organisms (such as birds, bats or fish) should allow a response to predators presence, by dispersing to other patches and, therefore, avoiding the lethal effects of predation^[@CR14]--[@CR16]^. The presence of predators may create a *landscape of fear*, and behavioural responses, such as dispersal, should appear^[@CR3],[@CR4],[@CR14],[@CR17]^.

It has been recently suggested that individuals may respond differently to environmental change depending on their previous experience, showing innovative behaviours, such as changes in migration patterns or the colonization of new environments^[@CR18],[@CR19]^. The fitness of long-lived species usually increases with age, reaching its maximum value in intermediate ages as a result of increased experience and skill enhancement^[@CR20]--[@CR22]^. Therefore, experience-dependent behavioural responses can potentially result in shifts in the population age-structure and reproductive value modifying a population's ability to respond to perturbations^[@CR23]--[@CR25]^.

Here, we explore potential non-lethal effects of invasive native mesocarnivores at a previously predator-free colony of Audouin's gull (*Ichthyaetus audouinii*)^[@CR26]^. This species usually lays 3 egg-clutches, it is endemic to the Mediterranean and until the 1980s its population was regarded as threatened^[@CR27]^. Its main food source are fisheries discards and they can represent up to 75% of their diet during the rearing period^[@CR28]^. Before the 1980's the species was only known to breed in carnivore free islands in the Mediterranean. In 1980's the species colonized Ebro Delta (40°34′39″N 0°35′42.7″E, Spain) --- a mainland patch free of carnivores. Since then, the number of breeding individuals progressively increased until the mid 2000s, when population density began to decline at a steady rate^[@CR14],[@CR29]^. Carnivores (i.e. foxes, *Vulpes vulpes*) were first spotted in the area in 1994, after entering the colony through El Trabucador sandbar, but their presence was only regular from 1997 onwards.

Undelying causes of recent decline in this Audouin's gull population remain unclear. However, it seems to be linked to dispersal and the settlement of new colonies as a result of density dependence, appearance of carnivores and/or extreme weather events^[@CR14],[@CR19]^. Since the species is vagile but exhibits philopatric behaviour we expect to find resilient mechanisms to cope with carnivores, such as changes in the spatial distribution of breeding patches within the colony^[@CR5],[@CR30],[@CR31]^. Previous studies suggest that more experienced individuals are more competent in dealing with environmental change^[@CR18],[@CR19]^ and show higher breeding performance^[@CR24]^. We hypothesize that the occurrence of carnivores stimulates experienced, but not inexperienced, birds to undergo breeding dispersal, which causes an increase in the proportion of younger and inexperienced breeders occupying habitats with carnivores. This increase in the proportion of younger individuals should then have effects on breeding performance, potentially influencing egg volume, clutch size and/or breeding success.

Results {#Sec2}
=======

The presence of carnivores correlates with increased rates of patch occupation (N, Figs [1](#Fig1){ref-type="fig"}, [2a](#Fig2){ref-type="fig"}). Breeders responded to carnivore presence by moving eastwards (\~180 m/y, R^2^ = 0.79, p-value \< 0.001) towards patches surrounded by water, and therefore less accessible to carnivores (Fig. [1](#Fig1){ref-type="fig"} in the main text and Tables [1](#MOESM1){ref-type="media"}, [2](#MOESM1){ref-type="media"} in electronic Supplementary Material S[1](#MOESM2){ref-type="media"} and video in electronic Supplementary Material S[2](#MOESM2){ref-type="media"}). Neither the presence nor abundance of carnivores triggered immediate colonization or extinction of patches (see electronic Supplementary Material S[1](#MOESM2){ref-type="media"}, Table [1](#MOESM1){ref-type="media"}). The difference between the expected and the observed proportion of young and inexperienced breeders was positively correlated with the number of carnivores present at the colony (R^2^ = 0.33, F~1,21~ = 10.55, p-value = 0.004). Egg volume was lower after carnivores entered the study area (Fig. [2c](#Fig2){ref-type="fig"} and electronic Supplementary Material S[1](#MOESM2){ref-type="media"}, Tables [1](#MOESM1){ref-type="media"}--[2](#MOESM1){ref-type="media"}). Clutch size was negatively correlated with the number of carnivores (Fig. [2d](#Fig2){ref-type="fig"} and see electronic Supplementary Material S[1](#MOESM2){ref-type="media"}, Tables [1](#MOESM1){ref-type="media"}--[2](#MOESM1){ref-type="media"}). Egg volume, clutch size and breeding success in the different patches in 2012 was negatively correlated with the proportion of young and inexperienced breeders in each of the patches, however this relationship was only significant for breeding success (Fig. [2f](#Fig2){ref-type="fig"} and see electronic Supplementary Material S[1](#MOESM2){ref-type="media"}, Tables [1](#MOESM1){ref-type="media"}--[2](#MOESM1){ref-type="media"}). Breeding success decreased during the study period (Fig. [3](#Fig3){ref-type="fig"}, R^2^ = 0.48, F~1,15~ = 15.64, p-value = 0.001) and it was lower at the Ebro Delta colony than in any other breeding colony with no carnivores (Fig. [3](#Fig3){ref-type="fig"}).Figure 1Spatiotemporal distribution of Audouin's gull breeding patches at the Ebro Delta colony. White polygons represent the spatial distribution of potentially suitable breeding areas. Each annual image covers 60 km^2^. Green circles represent approximate locations of occupied patches and circle size is proportional to the number of individuals breeding in each patch. Predators were regularly present in the colony since 1997. Purple dashed lines represent the interphase between unmanaged dune vegetation (west) and human managed salt pans (east). Maps modified from: Google, 2016 DigitalGlobe.Figure 2Non-lethal effects of predator presence in the Audouin's gull breeding colony (Ebro Delta, Spain). (**a**) Changes in number of occupied patches before, B~f~, and after, A~f~, predators entered the colony. (**b**) Temporal evolution (1992-2015) of the mean distance (±1.96 SE) between the breeding area centroid and the eastermost point of the Ebro Delta colony (40.59 N, 0.71E). (**c**) Egg volume, Egg Vol before, B~f~, and after, A~f~, predators entered the colony. (**d**) Mean clutch size, CS and (**e**) proportion of young and inexperienced breeders in relation to the number of predators (relative difference between the observed and expected young and experienced breeders, positive numbers indicate lower proportions of experienced breeders as expected). Relationship between breeding success and % of young breeders, example from the year 2012 (**f**). Audouin gull modified from authors own photo. Fox modified from photo "Redfox10". ©Cadigan. 2014: <https://flic.kr/p/kFvEbZ>. The images can be used under a CC by 2.0 <https://creativecommons.org/licenses/by/2.0/>.Figure 3Breeding success (chicks/pair) and 95% IC of different Audouin's gull breeding colonies: Punta de la Banya (light grey circles), La Ràpita (diamonds), Sant Antoni (solid dots), Tarragona Port (square) and Castellón (triangles). Audouin gull modified from authors own photo. The image can be used under a CC by 2.0 <https://creativecommons.org/licenses/by/2.0/>.

Discussion {#Sec3}
==========

Our results suggest that the effects of density-independent perturbations, such as the invasion by carnivores, can drive changes in population age structure and consequently, in reproductive value. Moreover, our results confirm previous evidence indicating that the underlying mechanism driving the spatial scale of dispersal is experience^[@CR19]^. Non-lethal effects --- such as behavioural responses --- seem to be more important than previously thought for population dynamics and may have key implications for population resilience.

Philopatry is a common phenomenon among vertebrates and many species benefit from familiarity with the environment when conditions are relatively predictable^[@CR13],[@CR32]^. However, when environmental variability increases, behavioural responses such as breeding dispersal are crucial to an effective response to sudden environmental changes^[@CR19],[@CR33],[@CR34]^. Previous studies in the same area reporteda large scale non-random natal and breeding dispersal process (10--100 km) resulting in the occupation of carnivore-free patches and severe population consequences^[@CR14],[@CR19]^. Here, we also identified shifts in the breeding area distribution at a small spatial-temporal scale (\<1 km/y). Our results are in agreement with other studies indicating that bird distribution is conditioned by the presence of carnivores^[@CR35]^. Patch occupation turnover within the studied area resulted in the displacement of breeding patches towards more anthropic but less accessible to carnivores breeding area^[@CR36]^. Patch occupation turnover is likely a resilient mechanism to face mesocarnivore presence and to avoid the inherent risks of long-distance dispersal^[@CR19],[@CR37]^. Previous studies in the same colony showed that some of those patches with lower mesocarnivore accessibility experienced higher breeding success^[@CR19]^. However, breeding success decreased during the study period not only in patches with higher mesocarnivore accessibility but overall in the studied colony. Several possible and nonexclusive hypotheses have been proposed to explain changes in breeding success across taxa. First, low food availability, poor parental condition and high density-dependence during the breeding period are usually linked to decreases in individual and population breeding success^[@CR38],[@CR39]^. Second, behaviors that are associated with predation risk, including vigilance, alarm, avoidance, escape and defence can reduce breeding success through increased physiological stress, reduced foraging efficiency or diminished parental care^[@CR4]^. Third, populations experiencing the presence of predators can also experience reduced breeding success through direct brood consumption or predation on breeding adults^[@CR40]--[@CR42]^.

Here, we propose a density-independent mechanism explaining the decrease in the overall population's breeding success. Our results suggest that the presence of predators drives changes in population age structure, decreasing proportions of experienced breeders and therefore, reducing the population breeding performance in the study area and increasing fitness in other breeding colonies outside of the study area. Fitness of long-lived species usually increases with age and breeding experience, reaching its maximum value at intermediate ages^[@CR20],[@CR23],[@CR24]^. Previous studies of the species at the study area revealed that site fidelity was the most common strategy among breeders. However, breeding sites can be abandoned after severe environmental change, such as entrance of predators or changes in habitat quality^[@CR14],[@CR31],[@CR42]^. Drivers underlying decision rules about dispersal are often complex and involve non-linear dynamics^[@CR14],[@CR19]^. However, it has been recently discovered that the establishment of new sites and innovative responses to environmental change can be driven by age or experience^[@CR18],[@CR43]^.

For instance, crane groups containing experienced members, established new overwintering sites closer to the breeding grounds^[@CR18]^. Moreover, Audouin's gulls stablishing new colonies around the study area were also experienced breeders^[@CR19]^. Therefore, we suggest that large-scale non-random dispersal might be the causes of the observed changes in the age structure at the source population. This may also be linked to another underlying mechanism, namely relaxed competition for limited breeding sites would also favour recruitment of competitively inferior individuals (i.e., young and inexperienced breeders). Therefore, we suggest that perturbations can also drive changes in the breeding performance of the population through the selection of young and inexperienced breeders with lower breeding success^[@CR20],[@CR24]^. Moreover, dispersal and philopatry seem to result in non-linear relationships between the colonisation of new patches and adverse breeding conditions such as the presence of predators. This seems to agree with previous findings: experience and aging involves the enhancement of individual quality through the improvement of ecological knowledge. Therefore, experienced breeders act as an information repository, which is extremely valuable when making risk-taking decisions in the face of environmental change^[@CR18],[@CR19]^.

In summary, we show that non-lethal effects of a carnivore invasion, such as non-random dispersal, carry large population trade-offs (i.e. severe decrease in breeding success and population size) that may be comparable to lethal effects themselves^[@CR44]^. Experience seems to be a valuable resource to overcome uncertainty when dispersing and appears to drive the gradient between small and large scale dispersal. Our work emphasizes that it is not safe to assume that behavioural responses have no or limited effects on population dynamics and that such effects should be accounted for in population modelling. We also emphasize the importance of carefully considering the role of non-lethal effects and experience, especially under scenarios of global change that predict increases in magnitude and the frequency of extreme events, biological invasions and species distribution shifts.

Methods {#Sec4}
=======

Species and the study area {#Sec5}
--------------------------

The Audouin's gull is an endemic Mediterranean seabird^[@CR45]^. The species colonized the Ebro Delta in 1981 (40°37′N, 00°35′E). This area has been annually monitored and a mark-capture-recapture program is ongoing, with more than 33.000 individuals marked. Until the mid-2000s, the colony hosted 70% of the species' world population. However, since 2002 the Ebro Delta population has declined^[@CR14],[@CR19]^.

Breeding individuals in the colony are spatially aggregated in discrete dunes and dikes (hereafter patches)^[@CR46]^. Patch size is very variable; it ranges from 1 to 3400 breeding pairs concentrated in aggregations (around 30 cm is the minimum distance between nests). Separation distance between patches is greater to the average distance between nests (minimum distance 15 m). Patches located at the eastern part of the colony --- human managed saltpans --- are usually surrounded by water and, therefore, more protected from carnivores, while those located at the western part of the colony --- unmanaged dune vegetation --- are mostly not.

The presence of mesocarnivores was first reported in 1994, and since 1997 they have been regularly present at the breeding colony. Wildlife managers and staff perform annual systematic surveys to detect carnivores (mostly foxes and badgers, but occasionally otters, stone martens, least weasels, cats and dogs). The study area was sampled for a minimum of 48 days each year, adding all opportunistic observations made throughout the season by the staff (daily presence of \>8 h). The study area is a peninsula of limited dimensions (9.0 × 4.0 km) connected with the mainland by a narrow sand bar (El Trabucador, 6.0 × 0.1 km). The habitat is open and vegetation is sparse, sandy and muddy soils facilitate footprint detection. Moreover, used or abandoned dens are systematically checked for carnivore presence and evidences of predation such as prey remains. Recorded information included: location, number of individuals, number of family units and reproductive success (puppies' footprints and accumulations of prey in the burrows in the case of fox and badger). Given the intensity of our surveys and the characteristics of the study area, we can assume that carnivore detection was high, and provides a robust estimate of the minimum number of unique predators in the study area.

We used this information to define two different indicators of mesocarnivore activity: first, a presence measure distinguishing before (\<1997) and after (≥1997) predators were present; and second, an abundance measure accounting for the number of mesocarnivores present in the study area in a given year. Foxes represent 90% of the mesocarnivores present in the study area. Foxes are generalist species^[@CR47]^ that, during the breeding season, act as specialist predators on waterbird species in the study area, where other prey are almost absent. These scales of resolution allowed us to assess the effects of carnivore presence on three different population traits: spatio-temporal distribution of breeding patches, age structure and breeding performance of Audouin's gulls.

### Spatio-temporal distribution of breeding patches {#Sec6}

Patch occupation is registered every year, allowing us to record the number of occupied patches (N) and estimate the rate of occupation of new patches (Ncol) and rate of patch extinctions (Next). Ncol is the number of active colonies the same year and Next is the number of patches extinct from those patches occupied the previous year. None of the three variables were correlated with each other (R^2^ \< 0.15). For each one of the three variables (N, Ncol, Next) and by means of a GLM we compared constant model (i.e. no effects) against two models including a presence/absence effect and an abundance effect. Presence and/or abundance of carnivores in the colony had an effect on any of the three variables. In addition to this, we assessed the effects of carnivore presence on the distribution of breeding patches in two different ways. First, we plotted a map documenting temporal changes in the spatial distribution of occupied patches across the entire study period (Fig. [1](#Fig1){ref-type="fig"}). Second, by means of GLMs, we quantitatively assessed if there was a shift in the breeding area distribution through the study period. We tested two alternative hypotheses, no shift (constant model) vs temporal effect (temporal model). The shift in the species breeding area distribution was assessed as the temporal change in the distance of the breeding area centroid to the easternmost point of the breeding colony (40°35′24″N, 0°42′39″). The breeding area centroid was estimated as the mean position of breeding patches weighted by the number of pairs breeding in each patch each year.

We selected the best model according to the Akaike information criteria (AIC; Burnham and Anderson, 2002). Models with Δ AIC \< 2 were consider equivalent.

### Age structure {#Sec7}

Audouin's gulls usually recruit at the age of 3 or 4 years and we assumed full recruitment at age 6^[@CR48]^. Since age is a good indicator of breeding experience, we considered individuals between 3--5 years old as young and inexperienced breeders (YB). Determining the age structure of the population is a difficult task because age in this gull species cannot be assessed morphologically when individuals are 3 or more years old. Moreover, the proportion of live marked individuals of different ages depends on the numbers of fledglings marked by cohort and their subsequent survival^[@CR25]^. showed that Audouin's survival probability in our study area improves with age and that recapture probability does not depend on age. Therefore, we assumed that individuals experienced age dependent survival and that the recapture of breeders within the study area is age independent^[@CR25]^. Under these assumptions, we evaluated the existence of temporal changes in the difference between the observed and expected proportion of young and inexperienced individuals (3--5 years old) as proxy of changes in age structure (CDIF~t~). We used a total of 14113 resightings of marked known-age gulls during the breeding period (April-June) to calculate the annual number of observed individuals of each age class. The annual number of expected individuals of age "a" at time "t" was estimated following equation ([1](#Equ1){ref-type=""}). For instance, the expected number for individuals of age 3 at time 4 (N~3,4~) would be the number of chicks tagged at t = 1 (M~1~) that survived to t = 4 (N~3,4~ = M~1~Ф~1~Ф~2~Ф~3~), with Ф~a~ being the survival probability at age *a*. We calculated the annual difference in proportions of observed and expected young and inexperienced breeders (CDIFt, see electronic Supplementary Material S[2](#MOESM2){ref-type="media"}, Fig. [4](#MOESM2){ref-type="media"}) following equation ([2](#Equ2){ref-type=""}) (i.e., dividing the sum of young and inexperienced breeders,$\documentclass[12pt]{minimal}
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Finally, we tested the effect of the annual number of carnivores on age structure by means of comparing a constant model with a lineal regression model (LM) including the effect of the annual number of carnivores.

Breeding performance {#Sec8}
--------------------

We tested for effects of absence/presence and intensity of carnivore presence on egg volume (Egg Vol), clutch size (CS) and breeding success (BS) between 1992 and 2015. Detailed information on Egg Vol, CS and BS estimations can be found in^[@CR19]^. We used linear models to test effects on CS and BS, and general linear models including nest identity as a random factor to test Egg Vol differences. Finally, previous studies in the same study area showed that higher proportions of younger breeders in a given patch resulted in lower breeding performance^[@CR24],[@CR46]^. Here, we show an example of the linear relationship between patch egg volume, clutch size and breeding success and age structure of all patches in a given year (2012). We also collected data on breeding success of newly formed colonies for a qualitative comparison with our study colony (Sant Antoni 40°43′22.81″N, 0°52′11.78″E; La Ràpita 40°37′0.50″N, 0°36′19.29″E, Tarragona Port 41°5′52.7″N 1°13′23.22″E and, Castellón, 39°57′49.40″N, 0°0′34.98″E). These colonies are located 10.4 km, 6.4 km, 74 km and 86 km from our study area^[@CR19]^.

Analyses were implemented in R software and models were selected using the Akaike Information Criterion (AIC)^[@CR49]^. Further details of data collection for each of the variables are in see electronic supplementary material S3.
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